Abstract An empirical approach for simulating the infection and progress of leaf rust (caused by Puccinia triticina) during stem elongation on winter wheat was analysed for the 2000 to 2006 growing seasons. The approach was elaborated based on night weather conditions (i.e., air temperature, relative humidity and rainfall) and leaf rust occurrences. Data from three consecutive cropping seasons (2000)(2001)(2002) at four representative sites of the Grand-Duchy of Luxembourg were used in the set-up phase. The capability to correctly simulate the occurrence expression of P. triticina infections on the upper leaf layers was then assessed over the 2003-2006 period. Our study revealed that the development of leaf rust required a period of at least 12 consecutive hours with air temperatures ranging between 8 and 16°C, a relative humidity greater than 60 % (optimal values being 12-16°C and up to 80 % for air temperatures and relative humidity, respectively) and rainfall less than 1 mm. Moreover, leaf rust occurrences and infections were satisfactorily simulated. The false alarm ratio was ranged from 0.06 to 0.20 in all the study sites. The probability of detection and critical success index for WLR infection were also close to 1 (perfect score).
Introduction
Wheat (Triticum aestivum L.) is one of the three main cereal crops with over 600 million tonnes being harvested annually (Shewry 2009 ). For example, in 2011, the total world harvest was about 701 million tonnes compared with 885 million tonnes of maize and 722 million tonnes of rice (http:// faostat.fao.org/). However, its production is highly constrained by several fungal diseases including rusts (Marasas et al. 2004) . Wheat leaf rust (WLR) caused by Puccinia triticina Eriks is of a major historical and economic importance worldwide, and the most widespread of the three types of rusts causing significant yield losses over large geographical areas (Saari and Prescott 1985; Samborski 1985; Roelfs et al. 1992; Rossi et al. 1996; Kolmer 2005; Bancal et al. 2007) .
Several studies in extensive cereal-producing areas have revealed that WLR epidemics occur under (1) favourable conditions for overwintering spores as a source of primary inoculum, (2) rapid and abundant production of winddispersed urediniospores, and (3) a complex interaction between environmental conditions and host resistance (Eversmeyer and Kramer 2000; Bancal et al. 2007) . Defining the influence of exogenous factors on the germination of urediniospores and subsequent development of infection structures is essential to our understanding of WLR epiphytotics. Air temperature, duration of surface wetness and light can have a pronounced influence on the development of infection structures. Delay or inhibition of germination of P. triticina urediniospores by light intensity has been reported by several studies (Chang et al. 1973; Eversmeyer et al. 1988) . The presence of free water on the leaf surface is also essential for uredospore germination and light inhibits. Infections occur, therefore, preferentially at night (Eversmeyer et al. 1988) . Moreover, epidemiologically, the source of moisture is important in that temperatures favourable for dew during a clear, calm night are likely to be lower than on a cloudy night. Leaf wetness and air temperature are the limiting factors under field conditions. De Vallavieille-Pope et al. (1995) showed that optimum temperatures for uredospore germination were ranged from 12 to 15°C and the germination process was stopped above 35°C. They also reported that the pathogens were less affected by a dry period after a short wetness period at low temperatures than at high temperatures because the germination was slow at low temperatures. In addition, leaf temperatures below the ambient air temperature may not be optimum for spore germination and infection (Eversmeyer et al. 1988 ). This author also noted that the latency period was about 8 to 20 days for air temperatures ranging from 10 to 20°C; but it can be reduced to 6 days with air temperatures of 20°C the day and 10°C the night for susceptible varieties.
The rain has different and antagonistic effects of the epidemic in function of the type of rain. Most rainfall events promote spore dispersal produced in the field but harm the plant contamination by these spores. Two types of rainfall (i.e., "disruptive" and "enhancers") were described by Sache (2000) . These events may multiply the concentration of spores in the air by a factor of 2 to 5. Disruptive rains cause the suppression of spore production for a period equal to or greater than 6 h because they deplete the lesions.
As climate changes and unpredictable weather conditions become the norm, concern on the effect on disease management is not following suit (Coakley et al. 1999 ). In the GrandDuchy (GDL) WLR provides an excellent example of a disease that likely has become a nuisance due to changing weather conditions, as the latest epidemics are probably not the product of a recent introduction, but the result of weather instability (El Jarroudi et al. 2012) . Assessing disease infection is of utmost importance since it is a key variable for optimising fungicide spraying time in early warning systems Maraite 1999, 2000) . Existing forecasting systems (Buchenau 1970; Eversmeyer and Burleigh 1970; Burleigh et al. 1972; De Vallavieille-Pope et al. 1995; Eversmeyer and Kramer 2000; Audsley et al. 2005) developed to provide guidelines for efficient use of fungicides in winter wheat are based on the weather conditions throughout the day. As part of a study focusing on the brown rust disease control in winter wheat, this paper aims at assessing the range of night weather conditions (i.e., air temperature, wet period, rainfall) which favour the infection of WLR in winter wheat in the GDL. Table 1 . Experimental fields were typically sown around mid-October. The sowing and harvest methods and crop practices used reflected the usual wheat production practices in the GDL. In each location and for each cropping season, the winter wheat cultivars were sown in a randomised block design with four replicates (control and fungicide treated plots; replicate plot size of 8.0×1.5 m. They included susceptible, semisusceptible and weakly susceptible cultivars (BSA 2008) ). The range of genotypes differing in rust susceptibility was unequally distributed among years and sites (Table 1) . Rust susceptibility was ranged from 3 to 8 (1 referring to a low susceptibility).
Materials and methods

Study
Detailed experimental method could be found in El Jarroudi et al. (2009) . Throughout the paper, reference will be made to the specific leaf positions on the wheat stem. These leaves are numbered relative to the uppermost flag leaf, or L1 (for leaf 1), with the leaf immediately below designated as L2, followed by L3 and so on (Shaner and Buechley 1995) . Only control plots were involved in this study. Plant growth stages (GS) were assessed according to a decimal scale (Zadoks et al. 1974) .
Disease monitoring
Visual assessments of the WLR severity (% of total leaf area covered by the disease symptom) of the top three leaves were achieved between GS 31 and GS 85. For a given cropping season, the disease severity on each plot was recorded by the same rater in the same field. Before the experiments, raters were trained in visual assessment using the computerised disease assessment software Distrain (Tomerlin and Howell 1988) and standard area diagrams for cereal diseases (James 1971) . Ten plants per plot were marked at the beginning of disease assessment and monitored weekly along the growth season (from mid-April to early July). Note that over the study period, several fungal diseases were also involved (i.e., Septoria leaf blotch, wheat powdery mildew and Fusarium head blight).
Approach for predicting wheat leaf rust infection and progression
Weather data
Weather data (i.e., mean air temperature, relative humidity-RH, and rainfall) were recorded from automatic weather station located within 1 km of each experimental field. Mean air temperature and RH were measured at a height of 2 m above the soil surface. Total rainfall was measured at 1 m above the soil surface. The meteorological raw data, recorded each 10 min, were automatically retrieved from the web-based database system and subsequently pre-processed using an automatic data processing chain. Parts of this chain were data quality control procedures that included plausibility checks through individual data ranges, gap detection and gap filling, data aggregation and reformatting the ASCII files into a meteorological standard format (Junk et al. 2008) . As hourly intervals were needed in our study, these 10-min measurements were resampled to hourly temporal resolution.
Analysing the weather conditions favouring WLR infection
The influence of the weather conditions on WLR infection was analysed separately for day and night times. The day period was as close as 14 hours to correspond to the summer photoperiod under the Luxembourg conditions. Day (6 a.m. The main meteorological parameter classes tested were as follows (1) occurrence of rainfall and three intervals of nocturnal RH (greater than 60, 70 and 80 %); (2) four intervals of night air temperatures (0-4, 4-8, 8-16 and greater than 16°C); (3) the same temperature intervals combined to RH values ranging between 60 and 100 %; and (4) the same temperatures intervals combined to rainfall less than or equal to 1 mm and rainfall greater than 1 mm. In fact, rainfall between 0 and 1 mm is required at the beginning of the epidemic for spores deposit on leaves (Nagarajan et al. 1977; Geagea et al. 2000) and the dispersion at small scales of the inoculum and thus its extension to all the plots (Sache 2000) . Meteorological circumstances aforementioned were selected on the basis of studies involving the parameters influencing WLR disease (see for details Eversmeyer et al. 1988; De Vallavieille-Pope et al. 1995) . Weather conditions conducive for the development of WLR were considered for a period of at least 12 consecutive hours over two consecutive nights.
Determination of optimal classes of weather conditions
In order to determine optimal classes of weather conditions conducive to WLR development, the frequency of classes with at least 12 h of both air temperatures above 8°C (with different categories from 8 to 28°C, step of 2°C), RH higher than 60 % (with different categories from 60 to 100 %, step of 5 %), and rainfall lower to 1 mm, associated with WLR occurrence and severity were assessed. For each infection, a latency period was calculated in order to determine the appearance of WLR symptoms. The period of latency was determined using the following equation (Eversmeyer et al. 1988 ): P=1/(0.00741 * T), where P refers to the latent period and T is the mean air temperature (°C).
The inverse of the latent period achieved was calculated for each day. The day when the sum of these ratios reached 1 (100 % achieved) corresponded to the date of the WLR signs to be visible.
Assessment of the approach
The approach was assessed using data collected in all experimental sites from the beginning of L3 emergence (GS 31) and GS 85 during the 2003-2006 cropping seasons. This assessment refers to the capability to correctly simulate the occurrence expression of P. triticina infections on leaf layers at the end of the latency period, with the assumption that inoculum potential was present (Moreau and Maraite 1999) . The evaluation was based on contingency scores for the probability of detection (POD), false alarm ratio (FAR) and critical success index (CSI) of WLR infection. These statistical scores were calculated as follows (Wilks 1995) :
where a, b and c refer to infections both observed and simulated, infections simulated but not observed, and infections observed but not simulated, respectively.
The values for the three scores (POD, FAR and CSI) range from 0 to 1. A perfect score for the POD and CSI are 1. The BIAS is the ratio between the total simulated infection events and the total observed infection events. It is a measure of overor under-estimation. A better score for this index is also 1. In contrast, a value of 0 is the best possible score for FAR.
Regarding field observations, an infection event is considered when symptoms appear after a disease latent period and then significantly increase in severity between two successive field observations. A comparison test (t test) with a threshold of α=0.05 is performed on these consecutive observations values to verify the significance of the increment. This means that when the severity level is low (between 0 and 10 to 15 % of severity), a new infection will be assumed if lesions increase of more than 1 % between two observations. When severity level is higher than 15 to 20 %, the increase should be higher than 10 % to be significant (Moreau and Maraite 1999) . This is due to the fact that the increase in WLR severity is much slower if it resulted from a primary infection than when it is caused by several and local secondary infections (Shaw and Royle 1993) . It is important to note that between two field . n represents the number of total hours used for the calculation of the frequency. H refers to the relative humidity (%). The six upper and lower graphs are related to rainfall >1 mm and rainfall ≤1 mm, respectively observations, two or three latency periods can be expressed. Therefore, additional field observations were made in the study sites when the first appearance of the disease on leaves L3 to L1 is simulated.
Statistical analyses
The disease-weather relationships were determined as follows:
Given the main objective of farmers to protect the three upper leaves in wheat from fungal diseases in our study zone, the start date of favourable weather conditions was set to May 1 for each growing season, the date of GS 39 being generally recorded in May (Table 1) . Favourable hours were classified into a binary way: hour with all weather conditions as defined for the each class was scored as 1 and hour not reaching these conditions was scored as 0. For each disease occurrence, the preceding total number of favourable hours was determined. The correlation analysis for each class of weather conditions and observed disease severity was performed for all sites and all growing seasons.
Statistical analyses were carried out using the linear-mixed model procedure of SAS® (version 9.01, SAS Institute Inc., Cary, NC). Comparison of WLR severity between different areas, years and cultivars was carried out in linear-mixed model using the percentage of the infected leaf area on L3 to L1 as dependant variable, and site, cultivars and treatment as independent variables. Post-hoc tests (Tukey's test) were carried out given significant results following the Fisher F test. P values below 0.05 (2-sided) were considered as significant. Field observations revealed high significant differences (P<0.001) between sites, years and cultivars. During the study period, different patterns of the disease were also observed throughout the country ( Fig. 1): at Burmerange, the highest disease severity was recorded (74 % in 2003) , an intermediate severity at Christnach and Everlange (ranging between 18 and 33 %, with a severity of 68 % at Everlange in 2000), and the lowest severity at Reuler (<5 %).
Results
Wheat
Weather conditions during the winter, spring and the period of May-July over the cropping seasons Fig. 2 shows the frequencies of day time and night time hours with combined weather conditions filled. Regarding the day time conditions, few hours filled the conditions tested associated with rainfall greater than 1 mm for the three different periods. The frequencies did not exceed 2 % for the three periods. In case of rainfall equal to or less than 1 mm, the higher percentages were recorded in classes with RH >60 % and air temperatures greater than 4°C. The higher frequencies of favourable conditions (30 % or more) were found during the May-July period (Fig. 2) . During the winter, conditions related to RH greater than 60 % were most frequent.
For the night time conditions, during the winter, the dominant weather conditions involved air temperatures ranging from 0 to 8°C, along with RH greater than 60 % and rainfall less than 1 mm. The periods with RH less than 60 % and rainfall higher to 1 mm did not exceed 1 %. In the spring, there were conditions involving air temperatures from 4 to 16°C, RH greater than 60 % and low rainfall (Fig. 2) . However, from the emergence of the three upper leaves to the early dough (GS 85), a single temperature (between 8 and 16°C) class, associated with RH greater than 60 % and rainfall less than 1 mm dominated (Fig. 2) . The frequency of the night temperature classes ranging from 18 to 24°C does not exceed 10 %, and night temperatures ranging between 24 and 28°C did not occur during the 4 years of the study (Fig. 3) . 
Night weather conditions and wheat leaf rust infection and progress
The analysis between the disease severity on the upper three leaves and weather parameters classes revealed interesting results (Fig. 4, Table 2 ). In most cases, night weather conditions were better correlated than day weather conditions (Table 2) . For the day time conditions, the only conditions associated with air temperature between 16 and 24°C were significantly correlated to the WLR severity, all leaves considered together. Whereas regarding the night weather conditions, for the severity on L1 for example, high correlations (R=0.93, P<0.05) were found for classes involving air temperatures between 8 and 16°C, RH greater than 60 and 70 %, and rainfall equal to or less than 1 mm. Night weather conditions favourable to the germination of leaf rust spores between 2000 and 2003 were especially air temperature classes ranging from 10 to 16°C (with an optimum between 14 and 16°C) associated with RH ranging from 60 to 100 % and rainfall less than 1 mm. Temperatures ranged from 16 to 24°C did not have great influence in the disease development. and wheat leaf rust severity on the three upper leaves (bottom) in three study sites. The total hours of favourable weather conditions for WLR is expressed as a sum over the decade preceding the date indicated in axis. T air temperature (°C); RH relative humidity (%). L1, L2, L3 leaf 1, 2 and 3, respectively
Weather parameters classes involving rainfall greater than 1 mm during a period of at least 12 consecutive hours did not induce significant WLR severities on the upper leaves (data not shown). The development of WLR required a period of at least 12 consecutive hours over two consecutive nights of both air temperatures ranged from 8 to 16°C (optimum values 12 to 16°C), RH greater than 60 % (optimum values greater than 80 %), and rainfall less than 1 mm during the first hour following the germination (infection period being calculated from a rainy event, hour with rainfall greater to 0).
Assessment of Puccinia triticina infection occurrences
During 2003/2004-2005/2006 cropping seasons, the prediction of P. triticina infection occurrence through the approach revealed a quite satisfactory adjustment between simulated occurrences and field observations (Table 3 ). An example of the days of infection and latent periods as defined and calculated through the approach along with the observed WLR severities is shown in Fig. 5 . The end of the latent period concurred in this case with the start of the disease progress in fields. Overall, the number of infection events expressed but not forecasted was zero for all the experimental sites. Similarly, the number of infection events forecasted but not expressed was low and did not exceed 3 (Table 3) (Table 3 ). The statistical scores POD, FAR, CSI and BIAS over the period used for model assessment confirmed these results (Table 4) . Overall, the observed WLR occurrences were correctly forecasted (POD=1) in all the sites. The BIAS was ranged from 1.06 to 1.25, with high values for Reuler. The CSI were close to 1 and varied between 0.80 and 0.92, while the CSI were ranged from 0.06 to 0.20.
Discussion
Wheat leaf rust epidemics have been successfully predicted using mechanistic and empirical approaches (Eversmeyer and Burleigh 1970; Burleigh et al. 1972; Benizri and Projetti 1992; Moschini and Pérez 1999) . The infection and progress of wheat leaf rust are closely linked to environmental conditions. In this study, we highlighted the effects of night weather conditions on wheat leaf rust infection and progress through an empirical approach. We clearly demonstrated that weatherbased models aiming at the prediction of WLR should focus on night weather conditions to improve the model performance. Statistical correlation between the observed disease severity and that predicted either through the use of day or night weather data clearly support a higher performance when The combined effect of different night weather variables (i.e. air temperatures, RH and rainfall) allowed the WLR infection on wheat leaves. The best correlation was positive and significant (P<0.005) between a period of at least 12 consecutive hours (two nights involved) with both air temperatures between 8 and 16°C, RH greater than 60 %, and rainfall lower than 1 mm, and average percentage of WLR severity on L3 to L1. Rainfall is compulsory but only for initiation of infection (≤ 1 mm) for laying down spores on leaves (Sache 2000) . Moschini and Pérez (1999) found similar conditions for the development of WLR epidemics in Argentina, reporting optimum weather values of daily mean temperatures between 12 and 18°C and RH greater than 49 %. The duration of the wet period itself, related to air temperature, influences the WLR infection. The higher the temperature is close to the optimal infection temperature, the longer the wet period for germination is low. At optimum temperature (15°C) after a continuous wet period on the leaf 24 h, 76 % of P. triticina spores germinate, 90 % of germinated spores penetrate the sheet and 64 % of spores being penetrated cause infection (Eversmeyer et al. 1988) . Although the dew duration was not assessed directly or simulated in this paper, studies are being carried out in our research group for a better understanding of leaf wetness duration (in terms of spatiotemporal distribution in fields) and its influence in winter wheat leaf diseases. The results of such studies should provide (Moreau and Maraite 1999) during the early growing season. LR refers to wheat leaf rust progression as determined by the approach described in this paper relevant information and should be used to improve our methodology.
Incidence of WLR has been observed to increase in severity and in precocity over several growing seasons within the past decade in the central and southern part of GDL, especially at Burmerange (El Jarroudi et al. 2012) . A reason for these early and unpredictable WLR occurrences in this region could be traced back to several factors: (1) the sensibility of the cultivar (Dekan and Cubus planted are very susceptible, Table 1 ), (2) the geographical position of the region (on the border of Germany and French Lorraine from which the primary inoculums could arise), and (3) a recent increase in spring air temperature (El Jarroudi et al. 2010 , 2012 . This latter point of view has been pointed out by Daamen et al. (1992) and Wiik and Ewaldz (2009) who indicated that a high temperature in the earlier spring (i.e., March) probably facilitated sporulation and infection on young leaves.
The upper leaves are exposed to the risk of being infected between emergence and approximately two disease latent periods before they would naturally senesce. Most epidemiological models can simulate such risks, but many remain as empirical black boxes using fitted functions between weather conditions, crop characteristics and epidemic risks (e.g., De Vallavieille-Pope et al. 2000; Audsley et al. 2005) . The originality of our approach relies on its characteristic to determine the risk of the disease infection events based on night weather conditions. Overall, the 3-year assessment period of P. triticina infection (2004) (2005) (2006) showed that the infection periods on susceptible cultivars were satisfactorily predicted. Disease occurrences were accurately predicted, with a POD and a BIAS close to 1, and the FAR (0.06 to 0.11) close to 0. Foliar disease management in winter wheat aims at keeping the top two leaf layers healthy, mainly because these upper leaves contribute the most to yield, due to shading effects within the canopy (Shaw and Royle 1989; Thomas et al. 1989; Paveley et al. 2000) . In the GDL, disease management is primarily achieved through the use of fungicides and, to a lesser extent, disease-tolerant cultivars. Indeed, Zuckerman et al. (1997) suggested that tolerant wheat cultivars achieved better yield than the susceptible one by their ability to enhance photosynthesis in residual green tissues of infected plants. The assessment of simulated infection occurrences gave encouraging results for susceptible cultivars during the 2003-2006 cropping seasons.
In conclusion, our study showed that night weather conditions might be used in the assessment of WLR infection and progress in fields. A forecasting approach could be therefore set up, and coupled to simulation leaf emergence and development, could serve as basis for fungicides time spraying and protecting efficiently wheat from losses due to the brown rust. Despite its relative simplicity, the approach presented in this paper revealed that under the studied conditions, the first appearance of leaf rust in wheat could be assessed through defined classes of combined night weather conditions (i.e. 8< T<16°C, rainfall≤1 mm, and relative humidity>60 %). This approach is currently part of in-season wheat leaf diseases warnings bulletins delivered weekly to Luxembourgish farmers. The approach was assessed over cropping seasons with a range of genotypes differing in rust susceptibility among years and sites. These differences might influence the results of the correlation analysis. The availability of longtime series of field observations involving similar rust susceptibility cultivars should provide valuable information for the improvement of such approach. Also, studies are currently performed in that sense through mechanistic methods based on the available data set. P. triticina spores are supposed to be present, but any measurement has been achieved during the study period. Such a hypothesis deserves more investigation and could be part of further research. 
